The prospects for an electron electric dipole moment search with ferroelectric 

(Eu,B a )Ti0 3 ceramics. 



A. 0. SushkovB S. Eckel, and S. K. Lamoreaux 
Yale University, Department of Physics, P.O. Box 208120, New Haven, CT 06520-8120 

(Dated: August 25, 2009) 

We propose to use ferroelectric (Eu,Ba)TiC>3 ceramics just above their magnetic ordering temper- 
ature for a sensitive electron electric dipole moment search. We have synthesized a number of such 
ceramics with various Eu concentrations and measured their properties relevant for such a search: 
permeability, magnetization noise, and ferroelectric hysteresis loops. The results of our measure- 
ments indicate that a search for the electron electric dipole moment with Euo.sBao.sTiOa should 
lead to an order of magnitude improvement on the current best limit. 



I. INTRODUCTION 

Searching for permanent electric dipole moments 
(EDMs) of particles such as electron and neutron, and 
atoms, such as 199 Hg, is a promising way of probing fun- 
damental physics beyond the Standard Model. Existence 
of a non-zero EDM is a signature of violation of dis- 
crete symmetries of parity and time-reversal invariancc 
(and therefore CP-violation). The present best experi- 
mental upper limit on electron EDM is 1.6 x 10 -27 e-cm, 
which already constrains certain supersymmetric exten- 
sions of the Standard Model 0. The Standard Model 
predicts much smaller EDMs (10 -42 e-cm for electron, 
for example) due to a number of cancelations 0. How- 
ever a number of theories of physics beyond the Standard 
Model (Supersymmetry, Grand Unification, Multi-Higgs, 
etc) predict electron EDM values within two orders of 
magnitude of the present limit 0]. 
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FIG. 1: A schematic experimental setup for an EDM experi- 
ment. 

There are two common experimental schemes of 
searching for an EDM: magnetic-resonance experi- 
ments, and electric-field-correlated magnetization mea- 
surements Q. We plan to use the latter method. The 



electron's EDM has to point along its magnetic moment 
(spin). When an electric field is applied to the sample, 
it orients permanent electric dipole moments along the 
field, and hence the magnetic moments are also oriented, 
creating a magnetization, see Fig. [TJ A SQUID magne- 
tometer is used to detect this magnetization, as the elec- 
tric field is reversed ||. The most sensitive solid-state- 
based EDM search to date employed an inverse effect [f| . 

The EDM sensitivity of a magnetization-based EDM 
search can be estimated from 



Sd K = 



SB 



1 E* 



(1) 



where d e is the achievable EDM limit, [i a is the mag- 
netic moment of the atomic species involved, fi is the 
magnetic permeability of the material, SB is the mag- 
netic field sensitivity (taking into account a suitable de- 
magnetizing factor), and E* is the effective electric field. 
We have identified the ferroelectric EuajBai^TiOs, as a 
very promising material for an electron EDM search. A 
permanent electron EDM induces a permanent EDM of 
the Eu 2+ ion (ground state 8 S7/ 2 , configuration [Xe]4f 7 ), 
whose magnetic moment is /i a — 8fiB- The reason for us- 
ing a ferroelectric is the extremely large effective electric 
field: E* « 10 MV/cm, in a poled ceramic (see below). 
Europium is chosen because of its large atomic num- 
ber (EDM enhancement factor scales roughly as a 2 Z 3 ), 
as well as its magnetic properties (due to the 4f elec- 
trons), which give rise to a permeability of fi — 1 « 0.5 
at 4.2 K. Using the SQUID magnetometers that we have 
in our lab, we can achieve magnetic field sensitivity of 
SB w 3 fT/vHz. We found that the intrinsic magneti- 
zation noise in Euo.sBao.sTiOa is at or below this value. 
With these parameters, using ceramic Euo.sBao.sTiOs, 
the projected EDM sensitivity with our current design 
after 10 days of averaging is: 



d e « 1.5 x 10~ 28 e-cm, 



(2) 
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which is a factor of 10 improvement on the present best 
limit. Below we describe the measurements of the rele- 
vant properties of (Eu,Ba)Ti03, on which the above es- 
timate is based. 



2 



II. THE RELEVANT PROPERTIES OF 

EU^BAi-^TIOa CERAMICS 

A. Preparation 

The ceramics were synthesized by solid-state reaction 
of oxide powders EU2O3, TiC>2, and BaCC>3 in a furnace 
with a flowing atmosphere of 5% H2, 95% Ar (which re- 
duces the europium to its Eu 2+ oxidation state). Ceramic 
disks of 13 mm diameter and 2 mm thickness were pressed 
in a uniaxial press at 7-ton pressure, and sintered in the 
same atmosphere. We synthesized and studied samples of 
the following compositions: EuTi03, Euo.75Bao.25Ti03, 
Euo.sBao.sTiOs, and Euo.2sBao. 75^03. Ceramic densi- 
ties were above 60%. 
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B. Crystal structure 



FIG. 3: XRD spectrum of BaTi0 3 powder at 300 K. 
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FIG. 2: XRD spectrum of Euo.sBao.sTiOs ceramic at 300 K. 

In its paraelectric phase, (Eu,Ba)Ti03 has a Pm3m 
perovskite structure with cubic symmetry. We have 
taken X-ray diffraction (XRD) spectra of all of the syn- 
thesized ceramics at room temperature (when they are 
all paraelectric), see Fig.[2]for Euo.sBao^TiOs spectrum. 
The spectrum of BaTiC>3, which is ferroelectric at 300 K 
is shown for comparison. The lattice constant trend with 
changing Eu concentration is shown in Fig. [5] 



C. Insulating properties 

A material suitable for an EDM search has to be a 
good insulator. We measured sample resistance using 
an Agilent model 34410A digital multimeter as the sam- 
ple was being cooled by flowing cold nitrogen vapor in- 
side a Janis model 10CNDT dewar. We found that 
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FIG. 4: The lattice constant dependence on Eu concentration 
in Eu^Bai-^TiOa ceramics at 300 K. The line is a guide for 
the eye 



EuTi03 and Euo.7sBao.25Ti03 exhibited conductivity 
losses all the way to 4.2 K, and are therefore unsuitable 
for an EDM search. However for the Euo.sBao.sTiOs and 
Euo.25Bao.75Ti03 compositions, the conductivity losses 
were too small to detect already at 180 K, see Figure [5] 
No measurements were done at lower temperature since 
the multimeter saturated, but the smallness of the con- 
ductivity losses at 77 K and 4 K can be inferred from 
the frequency-independence of the ferroelectric hystere- 
sis loops. 
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FIG. 5: Euo.sBao.sTiOa conductivity as the sample is cooled 
down. 



D. Ferroelectric properties and the effective 
electric field 

Although EuTiO,3 remains paraelectric down to ab- 
solute zero (jj, addition of Ba into the lattice leads to 
the appearance of a ferroelectric phase, with the transi- 
tion temperature increasing with greater Ba concentra- 
tion. At this stage we have been unable to find the ex- 
act values of ferroelectric transition temperatures in the 
Eu^Bai-^TiOs ceramics that we have prepared, but we 
have been able to verify that some of them are indeed 
ferroelectric at 4 K and 77 K, by measuring their ferro- 
electric hysteresis loops. We were unable to make any 
ferroelectric hysteresis measurements with EuTiOs and 
Euo.75Bao.25Ti03 compositions since they exhibited con- 
ductive AC losses. We have measured the ferroelectric 
properties of Euo.sBao.sTiOs at 77 K and 4 K, the hys- 
teresis loops measured at 4 K are shown in Figure[|5] Data 
were taken with a triangle- waveform applied at two dif- 
ferent frequencies: 0.1 Hz and 1 Hz. The hysteresis loop 
is the same for the two frequencies, which implies that 
the conductivity losses are not detectable at this temper- 
ature. 

The effective electric field E*, giving rise to an energy 
shift in the presence of the electron EDM, can be esti- 
mated from the remanent polarization of 

P Q « 1 fiC/cm 2 . (3) 

We assume the following relationship between the ferro- 
electric displacements in the unit cell [1, Q : 

xeu-o = l-7x Sa _ = (4) 

where all the displacements are with respect to the cen- 
ter of the oxygen octahedra. Taking into account our 
ceramic density of 60%, this gives the mean Eu-0 dis- 
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FIG. 6: Euo.5Bao.5Ti03 ferroelectric hysteresis loops at 4 K 
(immersed in liquid helium). Different curves correspond to 
different frequencies of applied electric field, they lie very 
nearly on top of each other. 

placement along the electric field: 

xeu-o « 0.011. (5) 

The EDM-induced energy shift due to this displacement 
is given by [id ]: 

S = -Q.l XEu -° de x27.2eV, (6) 
as eas 

where as is the Bohr magneton, and e is the magnitude 
of the electron's charge. This can be converted to the 
effective electric field using 5 = —d e E*, resulting in 

E* « 10 MV/cm. (7) 

E. Magnetic susceptibility and magnetization noise 

We measured the permeability fi— 1 of Euo.sBao.sTiOa 
near 4 K by cutting a hole in one of the ceramic disk sam- 
ples and wrapping, with copper wire, a 51-turn inductor 
primary winding, with the sample as the toroidal core. A 
one-turn niobium loop was wrapped on top of this toroid 
as the secondary winding and connected to a Quantum 
Design DC SQUID magnetometer. The setup was cooled 
inside a Janis model 10CNDT liquid helium dewar, and 
a vacuum pump was used to pump on the helium bath 
to reduce the temperature below 4.2 K. A known current 
was passed through the copper primary winding, and the 
response of the SQUID was detected. The permeability 
of the ceramic material is then calculated from the mea- 
sured mutual inductance of the two loops. The results 
are shown in Figure [7] 

It is most likely that Euo.sBao.sTiOa is a spin-glass, 
but more measurements need to be performed to ascer- 
tain the nature of the magnetic ordering in this material. 



4 



! 1 ! ! 1 1 1 M 1 1 1 ! ! 


, , , , 








permeability ^i-l 

i/^-i) 
— at 





















































































2.0 2.5 3.0 3.5 4.0 

Temperature (K) 

FIG. 7: Euo.sBao.sTiOa permeability as a function of tem- 
perature. The data is fit with the model in Eq. (B). 



The presence of excessive magnetization noise in the 
magnetic material under study can degrade magnetic 
field sensitivity and weaken the achievable EDM limit 
[Tij . The setup described above was used to look for 
magnetization noise in Euo.sBao.sTiOa at 4.2 K, but it 
was found that this noise is at or below the SQUID 
sensitivity. Therefore our magnetic field sensitivity of 
SB w 3 fT/VHz is limited by the SQUID magnetometer 
noise. 



III. CONCLUSION 

We have synthesized Eu K Bai_a;Ti03 ceramics and con- 
ducted a preliminary study of their properties. We con- 
clude that Euo.sBao.sTiOa is a suitable candidate for an 
electron EDM search, which has the potential to improve 
the current limit on the electron EDM by an order of 
magnitude. 



We have fit the following function form to the permeabil- 
ity data: 

A*-l=pr^p (8) 

with the fit resulting in parameter values 

A = 1.23±0.01, 9 = (1.69±0.01) K, 7 = 1.30±0.01. (9) 

It should be noted that the quoted errors are from the fit 
only, we estimate additional errors, due to flux leakage 
and SQUID mis-calibration, on the order of 10%. 
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